G protein-coupled receptors (GPCRs) can be differentially activated by ligands to generate multiple and distinct downstream signaling profiles, a phenomenon termed biased agonism. The glucagon-like peptide-1 receptor (GLP-1R) is a class B GPCR and a key drug target for managing metabolic disorders; however, its peptide agonists display biased signaling that affects their relative efficacies. In this study, we combined mutagenesis experiments and mapping of surface mutations onto recently described GLP-1R structures, which revealed two major domains in the GLP-1/GLP-1R/G s protein active structure that are differentially important for both receptor quiescence and ligand-specific initiation and propagation of biased agonism. Changes to the conformation of transmembrane helix (TM) 5 and TM 6 and reordering of extracellular loop 2 were essential for the propagation of signaling linked to cAMP formation and intracellular calcium mobilization, whereas ordering and packing of residues in TMs 1 and 7 were critical for extracellular signal-regulated kinase 1/2 (pERK) activity. On the basis of these findings, we propose a model of distinct peptide-receptor interactions that selectively control how these different signaling pathways are engaged. This work provides important structural insight into class B GPCR activation and biased agonism.
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GPCRs
7 are ubiquitous integrators of extracellular signals for the control of cellular responses. As such, they are key drug targets, and ϳ40% of approved therapeutics act via this receptor class (1) . Nonetheless, many potential drugs fail in late-stage clinical trials due to lack of predicted efficacy, indicating gaps in our understanding of drug action and/or the specific contributions of signaling events to the control of diseases.
It has become increasingly evident that GPCRs are highly dynamic proteins that can adopt numerous ligand-specific conformational ensembles with distinct impact on signaling and regulatory profiles, even with ligands acting via a common binding pocket, a phenomenon termed biased agonism (2, 3) . This not only provides an unprecedented opportunity to sculpt biological responses for therapeutic benefit, but it also creates increased challenges for drug discovery and developmental programs to identify the spectra of ligand behavior and to elucidate structure-activity relationships linking observed behavior to physiology and disease processes.
Class B peptide hormone GPCRs bind important physiological peptides of about 30 -40 amino acids, including calcitonin, amylin, adrenomedullin, calcitonin gene-related peptide, secretin, parathyroid hormones, vasoactive intestinal peptide, gastric inhibitory peptide, glucagon, and the glucagon-like peptides (4, 5) . As such, these receptors are crucial targets for treatment of chronic diseases, notably osteoporosis, migraine, obesity, and type 2 diabetes. Class B GPCRs are pleiotropically coupled, and biased agonism is commonly observed when signaling is studied across multiple pathways, creating novel therapeutic opportunities. However, optimally exploiting this property requires detailed mechanistic understanding of the drivers of bias (4) .
The glucagon-like peptide-1 (GLP-1) receptor (GLP-1R) is a class B GPCR that is both critical to the natural incretin response of the body and a major target for treatment of metabolic disorders. It is among the best studied for biased agonism, and such bias is readily observed for both naturally occurring and synthetic peptide mimetics (6 -11) . This biased agonism alters responses in pancreatic ␤-cells (11) and disease models in vivo (10) . The prevailing view for class B GPCR peptide binding and receptor activation is a two-domain theory with initial binding of the peptide C terminus to the receptor extracellular domain (ECD) that positions the peptide N terminus relative to the receptor core to facilitate receptor activation (12) . The prevalence of GLP-1R biased agonism and the therapeutic implications of this behavior make understanding of the triggers for, and propagation of, bias important for rational drug design and development. We recently revealed that the extracellular loops (ECLs) of the GLP-1R play a crucial role in the biased agonism of exendin-4, oxyntomodulin, and GLP-1(7-36)-NH 2 (GLP-1): the first clinically approved GLP-1 mimetic, a biased endogenous GLP-1R peptide, and the most common circulating form of GLP-1, respectively (11, 13) . Nonetheless, interpretation of the data was limited by lack of experimentally determined structure for the GLP-1R core and, indeed, any full- 24 -30) and the TM1/ECD stalk (residues 128 -148) are illustrated in gray. ECL residues mutated in previous analyses (11) are colored by ECL. ECL1 (residues 201-223; cyan), ECL2 (residues 285-307; dark blue), ECL3 (residues 372-387; light purple) are shown. The position of exendin-P5 is shown as red ribbon representation. B, cell-surface expression was determined by ELISA to the N-terminal c-Myc epitope tag on the hGLP-1R and mutant hGLP-1R isogenically expressed in CHO-Flp-In cells. Data were normalized to the WT receptor. All values are mean Ϯ S.E. of four to six independent experiments, conducted in duplicate. One-way ANOVA and Dunnett's post-test were performed to determine statistical differences (*, p Ͻ 0.05).
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length and active class B GPCR structures. Recently, several near-atomic resolution structures of the GLP-1R have been published that include structures of a stabilized inhibitorbound human receptor transmembrane (TM) domain (14) , a stabilized full-length human receptor bound to a modified 11-mer peptide agonist (15) , and GLP-1Rs in complex with heterotrimeric G s protein and either GLP-1 (16) or a newly identified biased agonist, exendin-P5 (17) . In the meantime, the structure of a full-length glucagon receptor (GCGR) in complex with a weak partial agonist (18) and the full-length active calcitonin receptor in complex with peptide agonist and heterotrimeric G s were also solved (19) . Collectively, this work has provided novel insights into gross conformational changes linked to the dynamics of class B GPCR activation, including marked kinking of transmembrane helix (TM) 6, outward movement of helices 6 and 7, and the interlinking ECL3, required for full activation, as well as manifest reorganization of other ECLs (16, 17, 19) .
The ECD is structurally linked to the receptor core through extension of TM1, and there is accumulating evidence that the far N terminus of the ECD may have a dynamic role in class B GPCR function, both with respect to maintenance of an inactive state, as has been suggested for the glucagon receptor (GCGR) (20) , and in ligand-dependent signaling (21, 22) . Notably, the TM1 stalk domain is unstructured in complexes of class B receptors complexed to agonist and G protein, but it maintains an extended ␣-helix in GCGR bound to a partial agonist but without G protein (18) . In this study, we performed alaninescanning analysis of the GLP-1R surface of the far N-terminal 7 amino acids (residues 24 -30, immediately after the receptor signal peptide) and the 21 amino acids that link TM1 and the ECD (residues 128 -148), and we assessed cell-surface expression, peptide affinity, and peptide efficacy for activation of pathways linked to cAMP accumulation, intracellular calcium ([Ca 2ϩ ] i ) mobilization and phosphorylation of extracellular signal-regulated kinase 1/2 (pERK). Each of these pathways is of physiological relevance for GLP-1R signaling (4, 23) , and both these regions are dynamically involved in GLP-1R peptide affinity and signal transduction. The overlay of the new data and that from our prior mutagenic analysis of the ECLs (11) onto the recently solved GLP-1R structures revealed that changes to the conformation of TMs 5 and 6 and reordering of ECL2 were essential for propagation of cAMP formation and [Ca 2ϩ ] i mobilization signaling, whereas ordering and packing of residues in TMs 1 and 7 were critical for pERK that is principally driven by the G i -G␤␥-arrestin interaction in the WT receptor.
Results
The far N-terminal ECD (Arg-24 -Val-30) and TM1/ECD linker (Glu-128 -Tyr-148) residues of GLP-1R were mutated to alanine by site-directed mutagenesis and stably expressed in CHO-Flp-In cells by isogenic recombination, with the exception of Ala-28 that was mutated to glycine. The location of these amino acids within the GLP-1R extracellular surface is illustrated on inactive (TM1/ECD linker only) and active hGLP-1R models in Fig. 1A .
Cell-surface expression levels for WT and mutant GLP-1Rs in the CHO-Flp-In stable cell lines were measured through ELISA of anti-c-Myc antibody binding to the N-terminal Table 1  Effects of human GLP-1R TM1/N-terminal mutants on peptide ligand binding and cell-surface expression Binding data were analyzed using a three-parameter logistic equation and normalized to the maximal binding of the radiolabeled antagonist 125 I-exendin-4(9 -39) and the nonspecific binding in the presence of 1 M exendin-4(9 -39). pK i is the negative logarithm of peptide affinity. All the values for binding are mean Ϯ S.E. of three independent experiments, conducted in triplicate. Cell-surface expression was accessed through ELISA detecting the N-terminal c-Myc epitope label on the receptor. Mutant data are compared with the wildtype human GLP-1R expression and shown as percentage. The data for cell-surface expression are mean Ϯ S.E. of four to six independent experiments, conducted in duplicate. One-way ANOVA and Dunnett's post-test were used to determine statistical differences (*, p Ͻ 0.05). ND, not determined. 
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c-Myc epitope. All receptors were expressed at the cell surface; however, the expression of G27A, T29A, E128A, K130A, S135A, E139A, Q140A, L144A, and I146A mutants was significantly lower and that of E138A was markedly higher than WT GLP-1R. All the other mutant receptors were not significantly different from the WT (Fig. 1B and Table 1 ).
Peptide agonist affinity
Heterologous whole-cell competition binding with 125 Iexendin-4(9 -39) was performed to determine peptide agonist affinity for the WT and mutant GLP-1Rs. As reported previously (6), at the WT receptor exendin-4 had the highest affinity (pK i Ϸ9.31), followed by GLP-1 (pK i Ϸ8.12), whereas oxyntomodulin had the lowest affinity (pK i Ϸ7.52) ( Table 1 and Fig. 2) . No specific binding window could be established for the G132A mutant, despite good cell-surface expression by ELISA, or for the low-expressing mutants G27A, T29A, E128A, and E139A; for all others, competitive binding isotherms were established for each of the peptides. Of the far N-terminal ECD residues that exhibited specific binding, only the A28G mutation modified affinity (Ͻ5-fold) for GLP-1 and exendin-4, with a similar trend for oxyntomodulin (Figs. 2 and 3A and Table 1 ). Of the TM1/stalk residues, P137A, L141A, and Y148A mutations reduced affinity for each of the agonist peptides, whereas the P137A and L141A mutations also reduced affinity of the antagonist exendin-4(9 -39). Ligand-specific reductions in affinity were seen for Q140A (exendin-4) and L142A (oxyntomodulin). All other mutations were without significant effect on peptide affinity (Figs. 2 and 3A and Table 1 ).
Agonist efficacy
Concentration-response curves for each of the peptides were established to determine agonist potency and maximal responses for canonical signaling endpoints, cAMP accumulation, [Ca 2ϩ ] i mobilization, and pERK1/2 (Figs. 3 , B-D, and 4-6 and Tables 2-4). These data were subject to operational modeling (26) to determine affinity-independent measures of efficacy ( for each pathway). The operational efficacy term "" is a measure of the number of receptors that need to be occupied to give a specified response. The values were normalized to receptor expression to derive a receptor expression-indepen- 
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dent and quantitative measure of pathway activation " c " for individual peptides at each of the mutants (27, 28) .
cAMP accumulation
Within the far N terminus of the ECD, mutants G27A and T29A that had poor expression displayed very weak to no measurable cAMP response. Unlike binding affinity, which was unaltered, the R24A mutant had reduced efficacy for GLP-1 and exendin-4 (Figs. 3B and 4 and Table 2 ). Within the TM1/ ECD linker there was only limited correlation between effects on binding affinity and cAMP efficacy and on cAMP efficacy between peptides. E128A that was poorly expressed responded very weakly to all peptides. The I147A mutant induced modest loss of efficacy, and the G132A mutant exhibited 10 -30-fold decreased efficacy for all peptides. The L142A mutant had a significantly attenuated efficacy for GLP-1, with similar fold decreases for exendin-4 and oxyntomodulin, although these latter effects did not achieve significance. The E139A mutant that had undetectable 125 I-exendin-4(9 -39) binding had reduced efficacy with exendin-4 and to a lesser extent oxyntomodulin but not GLP-1. There were statistically significant increases in efficacy for oxyntomodulin at E133A, whereas K130A, S135A, Y145A, and I146A caused selective increases in GLP-1 efficacy, and R131A induced a weak and selective decrease in GLP-1 efficacy (Figs. 3B and 4 and Table 2 ).
iCa
2؉ mobilization
Because of relatively weak [Ca 2ϩ ] i mobilization by oxyntomodulin, only a single high concentration (ϳ3 M) was assessed. For GLP-1 and exendin-4, no measurable response was seen at the poorly expressed G27A, T29A, and E128A mutants, whereas the E138A mutant exhibited increased efficacy for both peptides, even after correction for the higher cell-surface expression (Figs. 3C and 5 and Table 3 ). There was decreased efficacy for both peptides with the L142A mutant, whereas L144A abolished [Ca 2ϩ ] i mobilization, despite unaltered cAMP efficacy. There was selective loss of exendin-4 efficacy at the S135A and Y148A mutants and of GLP-1 efficacy at the S136A, Q140A, and I147A mutants, although these effects were relatively small (Figs. 3C and 5 and Table 3 ). There was also a weak and selective increase in GLP-1 efficacy at the R24A mutant, whereas the opposite effect was seen for GLP-1-dependent cAMP efficacy (Fig. 3 , C versus B, and Tables 2 and 3 ). Of interest, although not quantitative, there was no measurable response for the single high concentration of oxyntomodulin at the P137A and Y148A mutants, despite approximately WT levels of cell-surface receptor expression and limited (for P137A) or no (Y148A) effect of the mutation on oxyntomodulin affinity ( Fig. 3C and Table 1 ). 
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As seen with the other pathways, the poorly expressed mutants G27A, T29A, and E128A had no measurable pERK response to any of the peptides. For the far N-terminal ECD mutations, there was a slightly increased efficacy for all peptides with the Q26A mutant and a selective weak increase in efficacy for exendin-4 at the A28G and V30A mutants (Figs. 3D and 6 and Table 4 ). For the TM1/ECD linker, there was increased efficacy for all three peptides at the K130A, E138A and I147A mutants and decreased efficacy at the S136A mutant. A weak loss of efficacy for exendin-4 and oxyntomodulin, but not GLP-1, occurred with the G132A mutant, whereas the L144A mutant abolished pERK response to GLP-1 and oxyntomodulin but did not alter efficacy for exendin-4. Of the remaining mutants, only L141A (increased exendin-4 efficacy) and Q140A (weak loss of oxyntomodulin efficacy) had any significant effect (Figs. 3D and 6 and Table 4 ).
Discussion
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Our results indicate that the far N terminus and the linker region between TM1 and the ECD play discrete roles in receptor stability and expression and in peptide-specific signaling. Recent advances in structural determination for class B GPCRs and particularly the GLP-1R provide an unprecedented opportunity to map key surface residues in three-dimensional space relevant to both inactive and active structures. For the GLP-1R, four new structures have recently been solved, which include a modified human GLP-1R TM domain structure bound to negative allosteric modulators (NAMs) (14) , a thermostabilized full-length human GLP-1R bound to a modified 11-mer agonist peptide (15), a fully active rabbit GLP-1R in complex with GLP-1 and the heterotrimeric G s protein (16) , and human GLP-1R in complex with the biased agonist, exendin-P5, and the G s protein (17) . Details of structures, including differences from WT human GLP-1R, are described in Table 5 . This work complements the previously published inactive structures of the related GCGR (29, 30) . The NAM-bound GLP-1R contains structural alterations, including an introduced cysteine bridge between TM helices 5 and 6, that disrupt key networks of the native inactive receptor. As such, we have used the inactive GCGR (PDB code 4L6R) (29) as a template to model the inactive GLP-1R (Fig. 1A) (28) . The active rabbit GLP-1R complex has a global resolution of 4.1 Å, with limited side-chain resolution and ambiguity in potential modeling of ECLs, whereas the exendin-P5-GLP-1R complex has a global resolution of 3.3 Å with good side-chain resolution for most of the receptor; we have used this structure as the principal template for comparative mapping of the effects of mutations between active and inactive states (Fig. 1A) . All full-length structures lack density for residues 24 -28 of the far N terminus, indicating that this segment is flexible upon ligand binding. However, the position of Val-30 that is resolved in the structures suggests that the far N-terminal residues likely make transient interactions with 
ECLs 2 and 3 and/or the peptide agonist (Fig. 7) . The new data are considered holistically consistent with previously published ECL alanine-scanning mutagenesis studies (11, 13) to yield a comprehensive structure-function analysis of signal propagation networks in the GLP-1R. Nonetheless, as with all such structure-function analyses, our observations are influenced by the recombinant cellular environment, including the relative expression of transducer and regulatory proteins that will differ from endogenous sites of receptor expression.
Structural reorganization upon receptor activation
ECD-receptor core interactions-There is accumulating evidence that interactions between the ECD and TM core of class B GPCRs contribute to receptor quiescence and peptide-mediated receptor activation (20, 21, 31) . For the related GCGR, interactions of the far N terminus and the residues in ECL3 contribute to maintenance of a quiescent state (20) , although ground state interactions at the intracellular face also play a key role (22, 32, 33) . As noted above, the far N terminus is dynamic in peptide-bound states (15, 16) , making interpretation of mutations in the context of available structures difficult. The dramatic loss of cell-surface expression for G27A and T29A is indicative of the important roles of these amino acids in receptor stability, potentially via loss of stabilizing interaction between Thr-29 and the receptor core that would be consistent with a role of the far N terminus in maintaining receptor quiescence. Nevertheless, the GLP-1R is expressed at the cell surface when the full ECD is truncated (31) , suggesting that loss of receptor expression is due to destabilizing interactions of the modified ECD. Glycines provide structural flexibility, and Gly-27 may be required for favorable positioning of Thr-29. In the active GLP-1-and exendin-P5-bound receptors, Thr-29 is proximal to the peptide ligand, although not within hydrogenbonding distance. In the structure of the modified 11-mer bound receptor, the position of the ECD is not constrained by peptide binding, where Thr-29 interacts with the linker between TM1 and the ECD (Fig. 7B) .
Class B GPCRs, including the GLP-1R, exhibit an extracellular-oriented V-shape cavity within the TM bundle that provides domain separation of the external facing segments of TMs 1, 7, and 6, and TMs 2-5 (Fig. 8A) . Nonetheless, in the inactive model, there are key hydrogen-bonded interactions between Asp-198 of TM2 and Tyr-145, Tyr-148, and Thr-149 of TM1 that coordinate Tyr-145 and Tyr-148 away from TM7 (Fig. 9A) , and this facilitates tight packing of TMs 1 and 7. Consistent with this, D198A mutation leads to marked loss of receptor expression and/or GLP-1-stimulated cAMP signaling (34 -36) . In the active, exendin-P5-bound structure, this hydrogen bond network is weakened, with loss of interactions between Asp- Structural insights into GLP-1R biased agonism of TM1 toward TM7, whereas the kink in TM1 is stabilized by hydrogen bonding of the side chain of Thr-149 with the backbone oxygen of Tyr-145 (Fig. 9B) . A similar pattern of interaction is observed in the 11-mer bound structure (Fig. 9E) . Although the position of the kink in TM1 of the GLP-1/GLP-1R structure is likely conserved (17) (although modeled differently in 5VAI), there is further loss of the interaction between Tyr-145 and Asp-198, and this leads to an anti-clockwise rotation of the upper end of TM1, with a parallel rotation of TM7 that is not seen in the exendin-P5 structure (Fig. 9, B and C) . This likely contributes to the distinct conformation of ECL3 between the GLP-1-and exendin-P5-bound structures that has been linked to efficacy differences of the two peptides (17) .
Both Tyr-148 and Thr-149 (37, 38) play important roles in peptide agonist affinity but do not make direct interactions with GLP-1 in the active structure, and the same is true for P137A and L141A in the TM1 stalk. Thus, these residues contribute to the reorganization of TM1 and packing with TM7. These changes are also likely to impact the position of Glu-139. Mutation of this amino acid causes loss of exendin-4(9 -39) binding. In the GLP-1-bound active structure, the side chain of Glu-139 is directed toward the GLP-1 peptide, suggesting a direct interaction that may be more prevalent for the truncated exendin peptide (and indeed, this is observed in the exendin-P5/GLP-1R/G s structure (17) ). This would be consistent with the lack of effect of the E139A mutant on GLP-1 signaling, and only limited attenuation of oxyntomodulin and exendin-4 -mediated cAMP production (Fig. 3) . Of the TM1 stalk residues, only mutations to Thr-149 also translate into a major impact on signaling (37, 38) , implying that its role in structural reorganization is also critical for activation transition and effector binding. This loss can be recovered by allosteric modulator binding at the intracellular face of the receptor that is predicted to destabilize ground state interactions at the base of the receptor (14, 37, 38) .
In the active and G s protein-complexed receptor structures, the linker region between the ECD and the core is poorly resolved, suggesting a high degree of flexibility even when the peptide is bound. In the inactive GCGR (PDB 4L6R) (29) , the TM1 stalk is present as an extended ␣-helix, and although this may be partially due to crystal-packing artifacts, an extended ␣-helix is also present in the structure of the full-length GCGR bound to a partial agonist peptide, NNC1702 (Fig. 7) (18) . This suggests that order to disorder transition of the TM1 stalk may be required for full receptor activation. Indeed, this would be required to accommodate the movement of TM1 toward TM7, seen in the active and active-like structures. An important role for the TM1 stalk is supported by our current mutagenesis data (Fig. 3) . Polar residues in this region, particularly Ser-136, Lys-130, and Glu-138, had effects on peptide signaling in a pathwayand peptide-specific manner, indicating that formation and disruption of interactions formed by these amino acids contribute to conformational transition for activation. Similar behavior was seen for the G132A mutant, suggesting that backbone flexibility plays a role in these effects. Somewhat surprisingly, E128A had a profound effect on receptor expression, presum- 
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ably via destabilization of the receptor protein, in a similar manner to that observed for the T29A mutant. Although speculative, it is possible that these amino acids are in close proximity in the inactive receptor and form part of an important network that stabilizes this state. In studies where E128A is further overexpressed by transient expression, there is a Ͻ3-fold loss of GLP-1 potency and an ϳ5-fold loss of exendin-4 potency for cAMP production (39), consistent with a limited role of this residue for peptide binding.
In the inactive homology model, the deeper binding cavity occupied by agonist peptides is capped by a series of large aromatic residues, particularly Trp-297 and Tyr-305 (Fig. 8, B and C versus D and E), whose position is predicted to be stabilized by H-bonding. In the active structure, these amino acids undergo large-scale movements associated with reorganization of ECL2 that reorients Trp-297 away from the binding pocket, where it forms interactions with other ECL2 residues, accompanied by small outward movements of Arg-299 and Asn-300 that directly contact the peptide in the active structure. Release of ground state interactions in the inactive ECL2 loop structure enables unwinding of the top of TM6 with an ϳ180°rotation of Tyr-305 accompanied by an ϳ9-Å displacement of the C␣ carbon. Previous molecular dynamics simulations on the inactive GLP-1R model suggested that this aromatic cap provided a significant energy barrier to deeper entry of the GLP-1 N terminus, with entry facilitated by Glu-9 of the peptide that forms a salt bridge with Arg-190 of the receptor (11) . Intriguingly, mutation of Trp-297 and the adjacent Cys-296 (that is covalently linked to Cys-226 in TM3) markedly attenuated GLP-1 and exendin-4 affinity, but it did not impact oxyntomodulin affinity. Oxyntomodulin contains an uncharged Gln, positionally equivalent to GLP-1 Glu-9, and does not interact with in the receptor core (11) . It is therefore possible that oxyntomodulin binds in a shallower orientation. A significant and selective decrease in oxyntomodulin affinity for F381A, L142A, and K202A mutants and lack of an effect for the R380A mutant are consistent with this hypothesis (Fig. 10) .
Peptide-mediated signaling and bias-Comparison of the position of mutated residues that affect GLP-1-mediated cAMP formation between fully active and inactive models reveals two major networks involved in GLP-1R function (Figs.  10 and 11) . The first includes residues of ECL2 and the membrane-proximal TM regions and the proximal segment of ECL3. K288A impacted ligand binding and was critical for propagation of cAMP signaling (13, 24, 40) . It stabilizes the center of the ECL2 network and may coordinate interactions between the ECL2 residues. Both exendin-4 and oxyntomodulin were similarly affected by mutations to ECL2 indicating a general role in propagation of cAMP signaling (Figs. 10 and 11) . Despite the lack of effect of W297A on oxyntomodulin binding, 
it was crucial for signaling of all three peptides. In the active agonist-bound calcitonin receptor, there is a high degree of overlap in the structural organization of ECL2 despite considerable sequence variation; Arg-281 that is positionally equivalent to Lys-288 of the GLP-1R appears to play a similar coordinating role in maintenance of this structure (19, 25) . The organization of the ECL2 network is also required for calcium signaling, although it does not appear as important for peptidemediated pERK (Figs. 10 and 11) .
The second network involves residues in TM1 and the TM7 proximal residues of ECL3 (Figs. 10 and 11) . This network exhibits a higher degree of peptide-specific effects that are likely related to both differences in the peptide sequences and orientation of the peptides in the active structures. As noted Table 4 Effects of human GLP-1R TM1/N-terminal mutants on agonist-mediated pERK1/2 pERK1/2 phosphorylation data were analyzed using a three-parameter logistic equation to determine pEC 50 and E max values. pEC 50 is the negative logarithm of the molar concentration of agonist that induced half the maximal response. E max for mutants is expressed as a percentage of wildtype. Log c is the operational efficacy value (determined via the Black and Leff operational model (24)), corrected for cell-surface expression of GLP-1R. All values for cAMP accumulation are mean Ϯ S.E. of four to six independent experiments, conducted in duplicate. One-way ANOVA and Dunnett's post-test were used to determine statistical differences (*, p Ͻ 0.05). ND, not determined. Structural insights into GLP-1R biased agonism above, this region of the receptor is involved in coordination of TM1 in the inactive structure and the reorganization and packing of TM1 with TM7 in the active structures (Fig. 9 ). Unlike GLP-1 and exendin-4, oxyntomodulin-mediated cAMP production is also weakly attenuated by mutation to amino acids in ECL1 that sit within the short ␣-helix formed in the active structure that extends to the ECL2 network. This is likely due to the predicted distinct positioning of oxyntomodulin when bound to the receptor (Fig. 10) . The boundary of ECL1 at the top of TM3 is covalently linked to ECL2 by disulfide linkage of Cys-226 (TM3) and Cys-296 (ECL2), whereas Arg-227 in inactive/partially active structures may also stabilize ECL2. R227A mutation decreases affinity of all three peptides, but with minimal impact on signaling efficacy (32) . As such, the extent to which the oxyntomodulin-specific effects are due to unique direct interactions with ECL1 versus potential differences in Cys-296 and Trp-297 is not clear. Overall, the pattern of effect of mutation was similar for calcium and cAMP signaling across GLP-1 and exendin-4 where efficacy effects could be quantified, although there was generally a greater magnitude of effect on calcium signaling (Figs. 10 and 11) . Previous pharmacological inhibitor studies revealed that both these pathways were regulated by G protein interaction at the WT receptor in the CHO-Flp-In cell background, although G i and G q interactions had more prominent roles in calcium mobilization (11) ; this is indicative of broad similarities in changes required to enable G protein coupling. Exendin-4 -mediated signaling is also gen- 
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erally more sensitive to mutation than that mediated by GLP-1, and the required ECL2 network extends to the top of TM4 for this peptide (Fig. 10) .
Peptide-mediated pERK was least sensitive to GLP-1R surface mutations, being principally confined to mutations of the distal ECL3/TM7 boundary, and residues of TM1 and the linker extension that provides physical connection to the ECD, which were revealed in this study (Figs. 10 and 11 ). This was particularly evident for exendin-4, which was least affected by mutation (Fig. 11) . Intriguingly, there was effectively no involvement of the ECL2 residues that were absolutely required for cAMP and calcium signaling. Inhibitor studies at the WT receptor indicated that G s and G q have limited contribution to exendin-4 -mediated pERK, with signaling principally driven by G i , G␤␥, and arrestin interactions, although those are likely to be at least partly interdependent (11) . For GLP-1, and more prominently oxyntomodulin, selective mutations in ECL2 also impacted pERK, and this could relate to greater contribution of G q (GLP-1) and G s (oxyntomodulin) in pERK at the WT receptor. Also of interest, for TM1 and ECL3/TM7, the effects of individual mutation were highly peptide-specific (Fig. 10) . The data are consistent with a model whereby selective and peptidespecific interactions alter the TM1/TM7 interface linked to G i /G␤␥/arrestin coupling to pERK. Moreover, our mutational 
data suggest these changes can occur relatively independent of the reorganization of TMs 5 and 6 that are critical for cAMP formation and [Ca 2ϩ ] i mobilization, events that are G s /G q -dependent at the WT receptor. Exendin-P5 is a G protein-biased peptide agonist that exhibits bias toward cAMP relative to arrestin interaction, compared with the related exendin-4 peptide and GLP-1 (10, 17) . It has distinct actions in vivo compared with exendin-4 (10). As noted above, comparison of the exendin-P5-and GLP-1-bound active GLP-1R structures reveals major differences in ECL3 and the upper TM boundaries of TMs 6 and 7 that are linked to distinct rotational differences in the upper region of TM1. Mutation in these domains has confirmed peptide-specific differences in the engagement of GLP-1 versus exendin-P5 with amino acids in TM1, as well as the TM6 proximal region of ECL3 (17) , thereby providing additional structural evidence for distinctions in the role of these domains in propagation of signaling. An important caveat for extrapolation of our observations to more proximal measures of signaling is that they are based on inferences from WT receptor signaling. Direct measurement of proximal transducer engagement for mutant receptors will be required to validate hypotheses.
The novel structures for the GLP-1R are enabling us to begin to unravel the complexities associated with receptor activation and biased agonism. Combining new data from this study with our previous work on GLP-1R ECLs in the context of inactive and active structures has advanced our understanding of receptor domains that control signaling. Importantly, the work provides evidence for two, at least partially independent, structural domains linked to signaling. The first involves the interface between TMs 5 and 6 and is linked to reorganization of ECL2 into a structured network that is required for propagation of signaling linked to G s and G q -dependent pathways at the WT receptor. The second is the interface between TMs 1 and 7 that, although important for at least G s -dependent cAMP signaling, may be independently linked to G i /G␤␥/arrestin-mediated signaling that is the key driver of pERK at the WT receptor. Our data support a model where dis- 
tinct peptide-receptor interactions can provide selective control of how these different networks are engaged.
Experimental procedures
Mutagenesis
Desired mutations were introduced to the N-terminal double c-Myc-labeled human GLP-1R gene in pDONR201 (Invitrogen) via the Muta-direct TM kit (Beijing SBS Genetech Co., Ltd., China), and then LR recombination reactions were conducted to transfer the N-terminal double c-Myc-labeled human GLP-1R gene into the pEF5/FRT/V5-DEST destination vector using Gateway Technology (Invitrogen). The oligonucleotides for mutagenesis were purchased from GeneWorks (Thebarton, SA, Australia), and mutants were confirmed by automated DNA sequencing.
Stable cell line generation and cell culture
The mutant or wildtype (WT) receptor genes were integrated into the Flp-In-Chinese hamster ovary (Flp-In-CHO) cells, passage 4 (Invitrogen), using the Flp-In TM system. Stable Flp-In expression cell lines were generated through polyclonal selection, screened, and maintained in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) FBS, 600 g/ml hygromycin B at 37°C in 5% CO 2 . The WT receptor is expressed at ϳ170,000 receptors/cell. Cell lines were routinely tested for mycoplasma and were mycoplasma free. Stable cells were frozen at passage 14, and all assays were performed with cells between passage 14 and 25.
Heterologous whole-cell competitive binding assay
Competition of 125 I-exendin-4(9 -39) binding to hGLP-1R was performed as described previously (13) on whole cells in 96-well plates using the radiolabeled antagonist 125 I-exendin-4(9 -39) (ϳ0.1 nM) and increasing concentrations of unlabeled peptide. Nonspecific binding was defined by co-incubation with 1 M unlabeled exendin-4(9 -39). Following overnight incubation, nonbound ligand was removed, and radioactivity was determined using a gamma counter. 
Structural insights into GLP-1R biased agonism
Cell-surface expression by enzyme-linked immunosorbent assay 1.5 ϫ 10 5 cells/well were seeded into 24-well culture plates and incubated overnight. Expression was determined through detection of N-terminal double c-Myc of GLP-1R by ELISA as described previously (13) . Data were normalized to WT GLP-1R and Flp-In CHO parental cell lines.
Calcium mobilization
3 ϫ 10 4 cells/well were seeded into 96-well culture plates and incubated overnight. Cells were incubated with Fluo4-AM for 45 min and stimulated with different concentrations of peptides, and fluorescence was determined in a FlexStation plate reader every 1.36 s for 120 s after ligand addition as described previously (13) .
Data were normalized to the maximal response elicited by 100 M ATP. cAMP accumulation 3 ϫ 10 4 cells/well were seeded into 96-well culture plates and incubated overnight. Cells were stimulated with increasing concentrations of ligands for 30 min in the presence of isobutylmethylxanthine. The liquid was discarded, changed to absolute ethanol, and volatilized to dry in room temperature. cAMP was detected using a Lance kit (PerkinElmer Life Sciences), as described previously (11) . Data were normalized to the response of 100 M forskolin.
ERK1/2 phosphorylation
3 ϫ 10 4 cells/well were seeded into 96-well culture plates and incubated overnight. Initially, pERK1/2 time-course experi- Figure 11 . Reorganization of the extracellular surface of the GLP-1R is critical to propagation of signaling. Amino acids involved in efficacy across cAMP (upper panels), [Ca 2ϩ ] i (middle panels), and pERK (lower panels) for GLP-1 (left-hand panels) and exendin-4 (right-hand panels) were mapped onto the inactive GLP-1R model and the fully active exendin-P5 (ExP5)-bound GLP-1R structure. Displayed in surface representation are mutated amino acids that affect efficacy: yellow (2-5-fold reduction in affinity); light orange (5-10-fold reduction in affinity); red (Ͼ30-fold reduction in affinity); or green (increased affinity). Mutated residues not affected are displayed as gray (inactive receptor) or blue (active receptor).
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ments were performed over 1 h to identify the time point when the pERK1/2 response is maximal. Subsequently, dose responses for different agonists were determined at this peak time point with stimulation performed after serum starvation overnight. pERK1/2 was detected using an AlphaScreen assay as described previously (13) . Data were normalized to the maximal response elicited by 10% FBS determined at 6 min.
Data analysis
IC 50 values were estimated from competitive inhibition of 125 I-exendin(9 -39) binding using a three-parameter logistic equation (log(inhibitor versus response)) in Prism (version 7, Graphpad). In all cases, the concentration of the radioligand was Յ1% of the K d values. Under these conditions, the IC 50 approximates K i , and such data are reported as pK i . E max and EC 50 were estimated from concentration-response curves using with a three-parameter logistic equation in Prism (version 7). These values are a composite of affinity, efficacy, and stimulus response coupling. The Black and Leff operational model of agonism (26) was applied to separate effects on pathway-specific signaling from those that modify ligand affinity. Derived values () were normalized to experimentally determined levels of cell-surface expression to provide a measure of efficacy ( c ) that is independent of affinity and altered cell-surface receptor expression (11) . Log c values for mutant receptors were statistically compared with those of the WT receptor using a one-way analysis of variance (ANOVA) and Dunnett's post-test. Significance was accepted at p Ͻ 0.05.
Molecular modeling and mapping of mutational effects
A homology model of the inactive GLP-1R TM domain was built using the minimally modified GCGR (PDB code 4L6R) (29), as described previously (28) ; the first amino acid in this model is Arg-134. The thermostabilized and full-length human GLP-1R bound to modified 11-mer peptide agonist (PDB code 5NX2) (15) ; the full-length and GLP-1 bound to rabbit GLP-1R in complex with G s (PDB code 5VAI) (16) , and the full-length and exendin-P5 bound to human GLP-1R in complex with G s (PDB code 6B3J) (16) were used as deposited; the first amino acids in these structures are Thr-29, Thr-29, and Val-30, respectively.
